ABSTRACT The relationship between the synthesis of globin mRNA and the phase of cell cycle was examined in synchronized murine erytl roleukemia cells. Cells were synchronized with respect to the cell division cycle either by culture with 2 mM thymidine or 2 mM thymidine followed by 0.5 mM hydroxyurea, which caused cells to accumulate in late G or early S (referred to as G1/S boundary). Cells were induced to erythroid differentiation by culture with 280 mM dimethyl sulfoxide or 4 mM hexamethylene bisacetamide. These inducers do not alter the progression of cells from the G1/S boundary through S, G2, and M, but do cause prolongation of the subsequent G1 phase. Accumulation of newly synthesized globin mRNA is first detected when cells are in this GC phase.
mRNA is first detected when cells are in this GC phase. Murine erythroleukemia cells (MELC), originally isolated from spleens of mice infected with Friend virus (1), can be induced to erythroid differentiation in culture by several agents, including dimethyl sulfoxide (Me2SO) (2) and hexamethylene bisacetamide (HMBA) (3) . Induced differentiation of MELC is associated with the expression of erythroid characteristics similar to those associated with differentiation of normal erythroid cells, including a and (3 globin mRNA (4, 5) , globins, and hemoglobins (6, 7) .
The present investigation was designed to evaluate the relationship of cell-cycle-related events to the synthesis of globin mRNA during induced MELC expression of erythroid differentiation. Earlier studies provided evidence that induction of MELC differentiation requires the presence of Me2SO during at least one round of DNA synthesis (8) (9) (10) . Nonsynchronous or synchronous MELC in culture with inducers such as Me2SO, dimethylacetamide, HMBA, or butyric acid have a prolonged G1 after passage of cells through S, G2, and M (11, 12) . Commitment to differentiate, defined as the ability of MELC after exposure to an inducer to produce differentiated progeny in the absence of inducer (13, 14) , appears to be closely correlated in time with the accumulation of globin mRNA in cells cultured with Me2SO, HMBA, or butyric acid (15) .
It has been demonstrated, with other cell systems, that there is a differential expression of genes during the cell cycle (16) . Thus, studies with synchronized cell cultures have shown that certain genes appear to be transcribed primarily in GI, while others are transcribed throughout the cell cycle (16, 17) .
In the present studies, the relationship between globin mRNA synthesis, DNA replication, and the GI phase of the cell cycle was examined in MELC synchronized with respect to the cell division cycle and induced with Me2SO or HMBA. We have found that Me2SO and HMBA do not alter the progression of the cells from the G1/S boundary through S, G2, and M, but do cause prolongation of the subsequent G1 phase of the cell cycle. These inducers lead to the accumulation of newly synthesized globin mRNA during this GC phase of the cell cycle. (5) .
MELC were synchronized with respect to the cell division cycle by culture with 2 mM thymidine for 9 hr, without thymidine for 5 hr, with 2 mM thymidine for another 9 hr, without added thymidine for 5 hr, and then with 0.5 mM hydroxyurea for 6 hr (C. Schildkrout, personal communication; ref. 12) . In some studies, as indicated below, cell synchrony was achieved by two cycles of 2 mM thymidine according to the procedure of Levy et al. (9) . In those studies in which cells were synchronized with two cycles of 2 mM thymidine alone, inducer was added when cells were transferred from the last exposure to 2 mM thymidine to fresh medium without thymidine. In studies in which cells were synchronized with two rounds of 2 mM thymidine and then 0.5 mM hydroxyurea, inducer was added at the times indicated below. In all studies, distribution of cells with respect to the cell cycle was evaluated by determining DNA content per cell by propidium iodide and flow microfluorometry (11) .
Synthesis of mRNA was determined by incubation of an aliquot of cells with [3H]uridine (30-45 Ci/mmol), at a concentration of 2 X 106 cells per ml and 50 ,Ci of [3Hjuridine per ml. RNA was purified from nuclear and cytoplasmic fractions according to the method of Bastos and Aviv (18) . Poly(A)-containing RNA was prepared by chromatography on oligo(dT)-cellulose (19) . All purified preparations of globin mRNA were assayed for activity in directing a and (3 globin synthesis in a wheat germ cell-free system (15) .
Newly synthesized globin mRNA was assayed by oligo(dT)-cDNA-cellulose chromatography. Purified globin mRNA was prepared from DBA/2 mouse reticulocytes as described (20) . Oligo(dT)cDNA-cellulose was synthesized and hybridization performed as described by Levy and Aviv (21) , save that sodium pyrophosphate was used instead of actinomycin D. The reaction mixture for preparing oligo(dT)-cDNA-cellulose contained 50 mM Tris-HCI (pH 7.8), 50 mM KCI, 4 mM dithiothreitol, 8 mM MgCl2, 4 mM sodium pyrophosphate, 0.6 mM each deoxynucleotide triphosphate, 25 mg of oligo(dT)-cellulose per ml, 10 ,ug of purified DBA/2 mouse globin mRNA per ml, and 70 units of avian myeloblastosis virus reverse transcriptase (RNA polymerase) per ml. Hybridization, in large excess of cDNA, was performed in siliconized vials at 400 for 18 hr in 50% formamide (vol/vol), 0.6 M NaCI, 1 mM EDTA, 10 mM TrisHCl (pH 7.5), 100,ug of poly(A) per ml, and 200,g ml of yeast tRNA per ml. After hybridization, the suspension was transferred to columns and washed with hybridization buffer. The Abbreviations: MELC, murine erythroleukemia cells; Me2SO, dimethyl sulfoxide; HMBA, hexamethylene bisacetamide. column was treated with RNase A in 0.30 M NaCI/0.030 M sodium citrate (pH 6.8) and washed with 0.30 M NaCl/0.030 M sodium citrate and with a buffer containing 10 mM Tris-HCl (pH 7.5)/1 mM EDTA/0.1% sodium dodecyl sulfate. RNA hybridized to oligo(dT)globin cDNA-cellulose was eluted with 0.1 M NaOH or by stepwise increase in temperature up to 70°i n 10 mM Tris-HCI (pH 7.5) in 50% formamide (21) .
RESULTS
Assay for Globin mRNA with Oligo(dT)Globin cDNACellulose. Specificity of retention of globin mRNA on globin cDNA-cellulose columns was established by the following types of experiments (Table 1 Accumulation of Newly Synthesized Globin mRNA in MELC Induced by Me2SO . MELC were synchronized by serial exposure to thymidine and hydroxyurea or to thymidine alone (Table 2) . During either synchronization procedure the cells accumulate in late G1 or early S; this point in the cell cycle is arbitrarily defined as the G1/S boundary (Fig. 1) . When released from cell cycle blockade, cells cultured without or with inducer proceed through S, G2, and M with similar kinetics. Cells cultured with Me2SO, however, remain in the subsequent G1 for a more prolonged period than cells cultured without inducer. In cultures with Me2SO there was no detectable increase in globin mRNA until 7-14 hr after addition of inducer. The increase in accumulation of newly synthesized globin mRNA continued into the subsequent 7-hr period, [14] [15] [16] [17] [18] [19] [20] [21] hr after addition of inducer (Table 2) . By 8 hr, cells in culture with inducer have passed through S, G2, and M and are largely in G1, where they remain for at least 4 more hr (Fig. 1) . These data (Fig. 2) . Cells in culture with HMBA, just as Me2SO-induced cells, show prolongation of the subsequent G1 compared with cells cultured without inducer (Fig. 2) . In three separate experiments, an increase in the rate of accumulation of newly synthesized globin mRNA is first detected by 11 hr and reaches a plateau by 14 hr (Fig. 3) . The (22) . Prolongation of GI may be a factor related to transcription of globin structural genes, or alternatively, an independent, perhaps toxic, effect of these inducers, unrelated to the accumulation of globin mRNA.
A possible explanation for the action of Me2SO or HMBA is that these planar-polar agents act through a series of effects, including, perhaps, effects at the plasma membrane (23, 24) and on chromatin (25, 26) , which lead to synthesis of globin mRNA during the subsequent GI.
